Abstract: Caragana shelterbelts are a common feature of farms in the Northern Great Plains of North America. We investigated if nitrogen (N) from this leguminous shrub contributed to the N nutrition of triticale and oat forage crops growing adjacent to the shelterbelt row. Nitrogen transfer was measured using 15 N isotope dilution at distances of 2 m, 4 m, 6 m, 15 m and 20 m from the shelterbelt. At 2 m caragana negatively impacted the growth of triticale and oat. At 4 m from the shelterbelt productivity was maximum for both forage crops and corresponded to the highest amount of N originating from caragana. The amount of N transferred from caragana decreased linearly with distance away from the shelterbelt, but even at 20 m from the shelterbelt row measureable amounts of N originating from caragana were detectable in the forage biomass. At 4 m from the shelterbelt approximately 40% of the N in both oat and triticale was from caragana, and at 20 m from the shelterbelt approximately 20% of the N in oat and 8% of the N in triticale was from caragana.
Introduction
Field shelterbelts are a common feature on farms in the Northern Great Plains of North America. The first shelterbelts in Canada were planted in 1903 as windbreaks to protect soils, crops and farmyards [1] . In the USA, as part of the 1935 Soil Conservation Act, trees were planted in large numbers as a means of soil erosion control in response to the devastating drought, windstorms and resulting soil erosion that occurred during the Great Depression [2] . Shelterbelts consist of a variety of coniferous and deciduous trees, with specific species adapted to the variety of soils and environments encountered across the region. Planting of shelterbelts had a number of positive impacts including protecting soil from wind erosion [3, 4] , positively influencing field hydrology through trapping snow [5] and protecting crops from wind damage [3] , among other beneficial impacts [6] . Shelterbelts do not only serve as physical barriers to soil and snow movement; they are living barriers that separate cropped fields and as such interact with the adjacent field crops in either a competitive or complementary fashion [7] . Trees compete with adjacent field crops for above-ground and below-ground resources. In the semi-arid climates of the Northern Great Plains, soil moisture is frequently the limiting resource [7, 8] . Furthermore, crop yields near shelterbelts can be reduced due to allelopathy by the tree roots [9] , nutrient leaching during snowmelt [10] , shading [11] and changes to microclimate [12] . Nonetheless, field shelterbelts that typically occupy 5% to 6% of the cropland can produce economic returns to producers based entirely on the increased yields in sheltered areas [13] . In temperate climates, yield increments for a number of field crops affected by shelterbelts ranged from 6% to 44% [6] .
Caragana (Caragana arborescens Lam.) is a common shrub found in shelterbelts all across the Canadian prairies. The species is one of the hardiest, small deciduous shrubs planted on the northern Great Plains [12] . It readily adapts to sandy, alkaline soils in open (unshaded) environments [14] . Because it is a legume, caragana has the capacity to form root nodules and fix atmospheric nitrogen (N) [14, 15] and enhance N availability [16, 17] . Biological N2 fixation accounted for up to 80% of N in caragana leaves in a soil-less system [15] and up to 65% in field soil [17, 18] . An intercropping study conducted in Saskatchewan, Canada provides indirect evidence for transfer of N from caragana to willow (Salix miyabeana). Caragana enhanced the growth of willow at two sites, but was outcompeted by willow at a third site [17] . At the first two sites, willow growth increased as a function of the proportion of caragana in the mixed stand suggesting that increased N availability was driving the relationship. Nitrogen transfer was not measured directly.
The objective of this study was to quantify the transfer of N from a caragana shelterbelt to adjacent triticale (X Triticosecale Wittmack) and oat (Avena sativa L.) crops grown for forage in successive years. The influence of distance from the shelterbelt was investigated to determine the extent of the influence of the shelterbelt on N nutrition and forage quality of the adjacent field crops.
Experimental Section

Experimental Setup
The experiment was established adjacent to an existing caragana shelterbelt at the Agroforestry Development Centre, Indian Head, SK, Canada (50°33′ N 103°39′ W) (Figure 1 ). The shelterbelt was planted on the nursery site in 1933 in a north-south orientation. Caragana was approximately 5 m tall at the time of the experiment. The shelterbelt is a single row shelterbelt, characteristic of most Canadian shelterbelt plantings [6] . The soil on site is an Orthic Oxbow with a loamy, morainal and hummocky landform, with a slope of 2% to 5% [19] . Because the site was originally a nursery site, historically the shelterbelt received periodic irrigation, fertilization and herbicide and pesticide applications uncharacteristic of shelterbelts on farmland. However, no applications of fertilizers, herbicides nor pesticides have been made for the last twenty-five years.
The shelterbelt is adjacent to an annually cropped field located on the eastern side of the shelterbelt. In the spring of 2011, prior to establishing the experiment, soils were sampled from the site in 15 cm increments to a 45 cm depth. Four soil cores were extracted at five distances from the shelterbelt row, at 2 m, 4 m, 6 m, 15 m and 20 m for physiochemical characterization ( Table 1 ). All analyses were performed using standard protocols [20] . Electrical conductivity (EC) and pH were measured on 1:2 soil: water extracts. In 2011 the field was planted by staff at the Agroforestry Development Centre with spring triticale (X Triticosecale Wittmack cv. AC Ultima) at a seeding rate of 90 kg ha − Above-ground biomass from the triticale and oat sub-plots was hand-harvested approximately 5 cm above the soil surface using scissors, 9 and 10 weeks after planting, respectively. The time of sampling corresponded to the mid to late milk stage of development (BBCH = 76) for each crop, after maximum N uptake occurred. In cereal crops maximum N uptake typically occurs around 60 to 65 days after emergence [21] . Four additional reference samples were collected from outside the main plots approximately 50 m from the shelterbelt. Plants from these reference plots were assumed to be far enough from the caragana so as not to be influenced by the caragana and not to have accessed N fixed by the caragana. Leaves from caragana were collected from four randomly selected locations within the canopy of the shelterbelt in the experimental plot. Amount of N transferred from caragana to triticale or oat was calculated as the product of %Ntransfer and amount of N in the crop. Statistical analyses were performed on %Ntransfer and amount of N transferred using SAS version 9.2 [22] . Simple linear regression was performed on %Ntransfer, the amount of N transferred, total N in the shoots of the forage crops and shoot biomass, as a function of distance from the shelterbelt using PROC REG procedure in SAS. Regression analysis was performed with data from the 2 m distance included and excluded. Only regressions where the 2 m distance measurements were excluded were significant (P < 0.05) and are reported. 
Results and Discussion
Substantial N transfer from caragana to triticale and oat occurred in the two years of the study (Figure 2A and 2D) . Except at the 2 m distance, both percentage of N and the amount of N (g N m −2 )
originating from caragana in the triticale and oat biomass decreased linearly with increasing distance from the shelterbelt (Figure 2A and 2D ). Both triticale and oat productivity were severely limited 2 m from the shelterbelt with both crops producing about 50% of the biomass produced 4 m from the shelterbelt ( Figure 2C and 2F). Productivity of both crops was maximum at 4 m ( Figure 2C and 2F) corresponding to the same distance at which the maximum amount of N was transferred (Figure 2A and 2D). The amount of N transferred to triticale at 2 m was about 58% of the transfer at 4 m and for oat only about 3.5% of the transfer at 4 m. Low yields near shelterbelts have long been reported e.g., [11, 23] . At the 2 m distance from the shelterbelt competition for water, light and/or nutrients between the caragana and the crop plants were probably responsible for the low yields of the crops. In temperate climates, competition for water is generally more limiting than competition for light [8] and has been reported to decrease yields of crops near tree rows [7] . Some early research focused on estimating the zone of influence of shelterbelts in terms of the negative impact on yield. Read [23] estimated yield reductions occurred to 1 h, where h is the height of the shelterbelt. Stoeckeler [11] suggested a range of 0.5 h to 1.5 h and Lyles et al. [24] reported reduced yields at a distance of 2 h. In our study the negative influence on forage yield of the approximately 5 m-tall shelterbelt was narrow at less than 4 m from the shelterbelt for both crops (i.e., <1 h). Considering that caragana has a very vigorous and aggressive growth habit and can be invasive in some conditions [14, 25] this narrow zone of negative influence was somewhat surprising.
The benefits from the N2-fixing capabilities of the plant might balance the negative impacts from the invasive nature of the shrub. Indeed the vigorous root growth of caragana might be responsible for the significant N transfer observed up to about 15 m in both crops. Considering tree root density decreases with increasing distance from the shelterbelt row, this approximately 15 to 20 m zone of influence in this study is assumed to be indicative of the zone where direct transfer of N takes place through root to root contact or mycorrhizal associations, probably augmented by indirect transfer through mineralization of below-ground roots and sloughed cells, nodules, and other organic compounds excreted from roots, and possibly leaf litter fall.
Studies using 15 N labeling have demonstrated net N transfer from legume tree saplings to grass grown together in containers [26] and have provided evidence of N transfer via mycorrhiza between N2-fixing and non-fixing tree species [27] [28] [29] . Natural abundance methodologies have provided similar estimates of N transfer between trees [30] [31] [32] . The natural abundance method has an advantage over 15 N labeling studies in that N is not added to the soil or plant, enabling N transfer to be estimated without disturbing the system. However the method relies on very small differences in natural abundance values between the legume and non-legume plants and in the soil inorganic N pool. Any soil processes like nitrification, denitrification and ammonium volatilization that discriminate against 15 N can bias the estimates by altering the δ 15 N signature of the inorganic N pool accessed by the plants.
Furthermore, isotope ratio mass spectrometry (IRMS) analyses require a very small amount of an organic sample (typically 1 mg-10 mg) representative of the entire sample. It is essential that the organic material sampled is finely ground and homogeneously mixed. Because of the small size of the subsample for IRMS even small deviations in weighing samples can have a relatively large effect, particularly on the percent N values. Nonetheless natural abundance studies have been used successfully to estimate N transfer [30] [31] [32] . In our study, differences in δ 15 N between the caragana and triticale and oat are sufficiently large and consistent to provide a confident estimate of N transfer (Table 2) . The negative impact of the shelterbelt on forage crop yield 2 m from the shelterbelt was also observed for the amount of N transferred (Figure 2A and 2D) . Despite lower yields and lower amounts of N transferred at 2 m compared to 4 m, in triticale approximately 60% of the N in the shoots was transferred from caragana at 2 m, whereas in oat only about 5% of N in the shoots was transferred from caragana. It is clear that the two forage crops interacted differently in the immediate vicinity of the shelterbelt trees. The concentration of N in the oat shoot biomass was higher at 2 m (2.3 ± 0.23 mg N g −1 ) compared to the further distances (1.5 ± 0.13 mg g −1 averaged over the 4 to 20 m distance) indicating a concentration of N because of low dry matter production but similarly indicating that amounts of N present were sufficient to support the biomass produced at this distance. In contrast, in triticale N concentration was constant across the sampling transect (2.0 ± 0.13 mg N g −1 ). Initial soil sampling in 2011 indicated that amounts of nitrate in the top 15 cm were higher 2 m from the shelterbelt than elsewhere in the field (Table 1) . Soils were not sampled in 2012, but it appears that the levels of available N near the shelterbelt were sustained at high enough levels to fully supply the N requirement of oat at this distance. Amounts of soil N are typically higher near the tree line than in cropped areas in agroforestry systems [33] [34] [35] . Even though oat did not appear to rely on direct transfer from caragana through root to root contact or mycorrhizal connections, the lack of any apparent N transfer from caragana to the oat crop at the 2 m distance was unexpected. Oats at the 2 m distance should still be accessing N mineralized from caragana litter fall. In addition to the 15 N signature of organic matter inputs, changes in 15 N natural abundance of the available soil N can also occur through soil processes like nitrification, denitrification and NH3 volatilization. Discrimination against 15 N occurs in all processes causing a decrease in δ 15 N associated with nitrification or an increase in δ 15 N associated with volatilization and denitrification [36] . Soil conditions near the shelterbelts should be conducive for denitrification in that snow melt in this snow accumulation zone could potentially provide the necessary anaerobic conditions, and mineralization of leaf litter the necessary nitrate and soil organic carbon substrates ( Table 1 ). The high δ 15 N signature of the oat growing at the 2 m distance could be a result of a high δ 15 N signature in the soil N because of denitrification and/or volatilization. Alternatively, snowmelt and or/rainfall may have leached nitrate out of the rooting zone of the oat crop [10] . Despite N transfer to oat being negligible close to the caragana shelterbelt, the positive impact of the caragana on N transfer was sustained over larger distances for oat than triticale ( Figure 2D Figure 2B and 2E ). It appears that the stronger demand for N probably led to the supply of available N being used up faster in triticale than oat.
There are few studies in the literature examining the distance to which N transfer occurs particularly in mature shelterbelts. Daudin and Sierra [37] measured transfer between Gliricidia sepium and Dichanhium aristatum (Poir) in a 16-year old tropical agroforestry system over a 5 m distance. They measured a very similar pattern of decreasing N transfer to the grass with distance away from the tree row, and a decreasing trend in total N uptake from the soil. In general % N derived from the tree was relatively stable at around 50% over 3 m to 4 m, with percentages decreasing slightly at 5 m [37] .
Isaac et al. [38] reported that N2-fixation in Acacia senegal decreased with the age of the tree. In contrast, caragana appears to sustain relatively high N2-fixation in mature trees at levels that sustain significant transfer to the adjacent crop. 
Conclusions
Significant amounts of N were transferred from a mature caragana shelterbelt to adjacent oat and triticale forage crops. Close to the shelterbelt (<4 m) caragana negatively impacted the productivity of the adjacent forage crop. However at 4 m from the shelterbelt row, forage biomass and N content were at their maximum. Using the 15 
